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The halophilic bacterium Halomonas elongata synthesizes as its main compatible solute the aspartate
derivative ectoine. We constructed a deletion mutant of H. elongata, KB1, defective in ectoine synthesis and
tolerating elevated salt concentrations only in the presence of external compatible solutes. The dependency of
KB1 on solute uptake for growth in high-salt medium was exploited to select insertion mutants unable to
accumulate external solutes via osmoregulated transporters. One insertion mutant out of 7,200 failed to
accumulate the osmoprotectants ectoine and hydroxyectoine. Genetic analysis of the insertion site proved that
the mutation affected an open reading frame (ORF) of 1,281 bp (teaC). The nucleotide sequence upstream of
teaC was determined, and two further ORFs of 603 bp (teaB) and 1,023 bp (tead) were identified. Deletion of
teaA and teaB proved that all three genes are mandatory for ectoine uptake. Sequence comparison showed
significant identity of TeaA, TeaB, and TeaC to the transport proteins of the recently identified tripartite
ATP-independent periplasmic transporter family (TRAP-T). The affinity of the cells for ectoines was deter-
mined (K; = 21.7 pM), suggesting that the transporter TeaABC exhibits high affinity for ectoines. An elevation
of the external osmolarity resulted in a strong increase in ectoine uptake via TeaABC, demonstrating that this
transporter is osmoregulated. Deletion of teaC and teaBC in the wild-type strain led to mutants which excreted
significant amounts of ectoine into the medium when cultivated at high salt concentrations. Therefore, the
physiological role of TeaABC may be primarily to recover ectoine leaking through the cytoplasmic membrane.

Halophilic organisms living in saline environments such as
salt lakes, coastal lagoons, and man-made salterns are chal-
lenged by two stress factors, the high inorganic ion concentra-
tion and the low water potential. A nonadapted organism ex-
posed to such an environment must cope with its cytoplasmic
water having a higher water potential than the water of the
surrounding environment. Water always flows from a high to a
low potential until the potential gradient is abolished. Thus,
the cytoplasm, which is surrounded by a membrane freely
permeable to water, will lose its free cytoplasmic water, result-
ing in cell shrinkage (4). The loss of water will cause cessation
of growth, possibly due to molecular crowding, and thus re-
duced diffusion rates of proteins and metabolites.

Halophilic prokaryotes have developed two principal mech-
anisms to lower the potential of cytoplasmic water, avoiding
the loss of water from the cell and achieving a cytoplasm of
osmotic strength similar to that of the surrounding medium.
These two mechanisms, which allow osmotic adaptation, are
the salt-in-cytoplasm mechanism and the organic-osmolyte
mechanism.

The salt-in-cytoplasm mechanism is considered the typical
archaeal strategy of osmoadaptation (e.g., halobacteria). How-
ever, members of the Bacteria domain such as Salinibacter
ruber and a specialized group of gram-positive anaerobic halo-
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philic bacteria (Halanaerobiales) are now known to employ this
strategy as well (37, 43). Organisms following this strategy
adjust the water potential of the cell by raising the salt (KCI)
concentration in the cytoplasm and must adapt the interior
protein chemistry to a high salt concentration (6, 27). As a
consequence, organisms using the salt-in-cytoplasm strategy
display a relatively narrow adaptation and their growth is re-
stricted to high saline environments.

The organic-osmolyte mechanism is widespread among Bac-
teria and also present in methanogenic Archaea (11, 26, 36, 54).
In response to an osmotic stress these organisms mainly accu-
mulate osmoprotective organic compounds such as amino ac-
ids and amino acid derivatives (11). These nonionic, highly
water-soluble compounds do not disturb the metabolism even
at high cytoplasmic concentrations and are therefore aptly
named compatible solutes (2). Halophilic cells using compat-
ible solutes can basically preserve the same enzymatic machin-
ery as nonhalophiles and are more flexible, displaying toler-
ance to high and low salt concentrations.

Many halophilic bacteria are able to synthesize their own
compatible solutes such as glycine betaine, which is the typical
solute of phototrophic bacteria (12, 30), and ectoine (Fig. 1),
which is predominantly synthesized by chemoheterotrophic
halophiles (48). However, halophilic microorganisms do not
rely entirely upon de novo synthesis of solutes; they are also
able to take up compatible solutes from the surrounding me-
dium, which is a far more economical way to accumulate os-
moprotectants (36).

Halophilic bacteria taking up compatible solutes from the
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FIG. 1. Biosynthetic pathway of the compatible solute ectoine (1,4,5,6-tetrahydro-2-methyl-4-pyrimidine carboxylic acid) based on enzymo-
logical and genetic studies (14, 29, 40). 1, L-2,4-Diaminobutyric acid transaminase (encoded by ectB); 2, L-2,4-diaminobutyric acid NY-acetyltrans-

ferase (encoded by ectA); 3, ectoine synthase (encoded by ectC).

surrounding medium must be equipped with osmoregulated
transporters facilitating this process. Such transporters have
been studied, but only in nonhalophilic bacteria such as Esch-
erichia coli, Corynebacterium glutamicum, Bacillus subtilis, and
some halotolerant microorganisms (20, 24, 31, 39, 44). These
organisms, which demonstrate limited abilities to cope with
osmotic stress in comparison to real halophiles, possess either
high-affinity binding protein-dependent ABC transporters or
secondary transporters consisting of a single transmembrane
protein.

To gain a deeper insight into the aspects of osmoregulated
solute transport of truly halophilic Bacteria, we focused our
interest on the extremophilic bacterium Halomonas elongata, a
proteobacterium of the gamma subdivision (55). H. elongata

displays a broad salt tolerance and synthesizes ectoine (Fig. 1)
and hydroxyectoine as compatible solutes (56).

In this study, we identified by transposon mutagenesis a new
type of osmoregulated solute transporter in bacteria. The
transport system accepts ectoine and hydroxyectoine as sub-
strates and is responsible for the uptake of ectoines leaking
through the cytoplasmic membrane. We therefore propose
that the system be designated TeaABC, transporter for ectoine
accumulation ABC.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The strains, vectors, and
recombinant plasmids used for this study are listed in Table 1. H. elongata strains
were grown aerobically at 30°C on MM63 medium (28) with glucose as a carbon

TABLE 1. Strains and plasmids used in this study

Strain or plasmid

Description®

Source” or reference

H. elongata
DSM 25817 Type strain DSMZ
KB1 AectA Ect™ This study
AFE35 AectA teaC::'Tnl732 Km' Ect™; osmoregulatory ectoine uptake deficiency This study
KB1-2 AectA AteaB Ect™; osmoregulatory ectoine uptake deficiency This study
KB1-3 AectA AteaA Ect™; osmoregulatory ectoine uptake deficiency This study
KB1-4 AectA AteaC Ect™; osmoregulatory ectoine uptake deficiency This study
KB1-5 AectA Aorfl::Q2) Sm" Sp" Ect™ This study
KB2 AteaC; osmoregulatory ectoine uptake deficiency, ectoine excretion This study
KB2-1 AteaCB; osmoregulatory ectoine uptake deficiency, ectoine excretion This study
E. coli
K-12 Wild type DSMZ
DH5«a F~ $80dlacZDM15 A(lacZYA-argF)UI69 recAl hsdRI17(ry~ my ") supE44 A~ thi-1 17
gyrA relAl
S17-1 thi pro hsdR hsdM™ recA Tp" Sm" 49
SM10 Km" Thi Pro His 49
Plasmids
pSUP102-Gm::Tnl732 Km" Cm* U. Priefer, University
of Bielefeld
pK18mobsacB Km" mob sacB 47
pKGB1 1,043-bp PCR fragment for ect4 deletion containing 510 bp upstream and 533 bp This study
downstream of ectA, Km"
pKGB2 1,346-bp PCR fragment for teaB deletion containing 671 bp upstream and 675 bp This study
downstream of tfeaB, Km"
pKGB3 1,863-bp PCR fragment for teaA deletion containing 940 bp upstream and 923 bp This study
downstream of teaA
pAVB1 2,197-bp PCR fragment for feaC deletion containing 1,090 bp upstream and 1,107 bp This study
downstream of teaC, Km"
pKGB4 1,025-bp PCR fragment for orfI deletion containing 512 bp upstream and 513 bp This study
downstream of orfl with () cassette insertion, Sp* Sm* Km"
pKGB6 1,045-bp PCR fragment for teaBC deletion containing 493 bp upstream and 552 bp This study

downstream of teaBC

¢ Abbreviations: Cm, chloramphenicol; Km, kanamycin; Sm, streptomycin; Tp, trimethoprim; Ect, ectoine.
> DSMZ, Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany.
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FIG. 2. Gene organization at the teaABC locus of H. elongata, location of Tn/732 insertion, deletion and marker replacement mutations, and
osmoprotection analysis. The feaC gene in KB1 was identified by insertion mutagenesis (TnZ732). The DNA loci orfl and teaAB were identified
by ligase-mediated PCR and inactivated by deletion and marker replacement mutation ({2), respectively. The relevance of teaABC and orfl for
osmoprotection by ectoine was verified by monitoring the growth of all mutants on high-salinity minimal plates (MM63 with 1.37 M NaCl) in the
presence of 250 wM ectoine. Growth (growth, +; no growth, —) was scored after 3 days of incubation at 30°C. P1 and P2, potential promoter

sequences; S, potential stem-loop sequences.

source and in various NaCl concentrations. For physiological characterization H.
elongata was grown in 100 ml of saline MM63 liquid medium contained in 250-ml
flasks with side arms for turbidity measurements.

E. coli strains were grown aerobically at 37°C in Luria-Bertani (LB) (33)
medium. Antibiotics were used at the following concentrations: kanamycin, 50
wg ml™ Y streptomycin, 200 pg ml™!; and spectinomycin, 100 wg ml~ %

DNA isolation and manipulation. Total DNA from H. elongata was isolated as
described previously (22). Routine manipulation of DNA, plasmid isolation,
construction of recombinant plasmids, electrophoresis of DNA, and transforma-
tion were carried out according to standard procedures (45). DNA sequencing,
based on the method of Sanger et al. (46), was carried out by SequiServe
(Vaterstetten, Germany). Southern hybridization experiments were performed
after transfer of restriction fragments from 0.8% agarose gels to nylon mem-
branes with a nonradioactive DNA labeling and detection kit under conditions
specified by the manufacturer (Roche, Mannheim, Germany).

Transposon mutagenesis and selection for transport-deficient mutants. Con-
jugation and Tn/732 mutagenesis were carried out by a modified method based
on the technique described by Kunte and Galinski (22). After overnight filter
mating of E. coli S17-1/pSUP102-Gm::Tn1732 and H. elongata KB1 on nutrient
broth medium at 30°C, transconjugants of H. elongata were selected on MM63
medium (28) containing kanamycin (200 pg ml~') and 0.34 M NaCl. After a
3-day incubation period, transconjugants were selected and placed onto a master
plate of the same composition. Mutants with a deficiency in osmoregulatory
solute uptake were then selected on saline MM63 medium (1.37 M NaCl)
containing either ectoine (250 wM) or glycine-betaine (250 wM). Mutants that
failed to grow on either medium were further analyzed by high-pressure liquid
chromatography (HPLC) and uptake experiments.

Generation of deletion mutants. DNA sequences upstream and downstream
from the desired gene were joined together by applying the splicing-by-overlap-
extension (SOE) PCR technique (18). The resulting PCR fragments were ligated
into the shuttle vector pK18 mobsacB (47) and transferred into H. elongata by E.
coli S17-1-mediated conjugation. Deletion mutants arising after double crossover

were then selected on LBG medium containing 22% (wt/vol) sucrose at 37°C.
The deletion sites were verified by PCR and DNA sequencing techniques.

Analytical methods. For identification and quantification of intracellular com-
patible solutes, cells were harvested, freeze-dried, and extracted with methanol-
chloroform-water as described by Galinski and Herzog (13). Cellular extracts as
well as cultural medium were either analyzed by isocratic HPLC on an NH,
column (10) using a UV detector (220 nm) or by FMOC-HPLC as described by
Kunte et al. (23).

Computer methods. Protein and translated nucleotide databases were
screened to find proteins similar to TeaABC, using the FASTA (38) and BLAST
(1) programs. Multiple sequence alignments were constructed on an Apple
Macintosh computer using the Clustal X program (51), in which the N-terminal
leader sequences of TeaA and DctP were artificially removed in order to align
the sequences correctly. The N-terminal leader sequence of TeaA was identified
by using the SignalP program (34). Hydropathy profiles of proteins were con-
structed by the method of Kyte and Doolittle (25). Potential membrane-spanning
units were identified by using the Dense Alignment Surface (DAS) program,
available through the Transmembrane Prediction Server at the Stockholm Bioin-
formatics Center (www.sbc.su.se/~mikkos/DAS/) (5).

Nucleotide sequence accession number. The nucleotide sequence of tea4BC,
including orfl, was submitted to GenBank and assigned accession no. AY06146.

RESULTS

Generation of the ect4 deletion mutant KB1 and selection
for transposon mutants of KB1 defective in ectoine and hy-
droxyectoine uptake. In order to identify transposon mutants
with a defect in osmoregulatory uptake of osmoprotectants, a
strain of H. elongata dependent on solute uptake from the
medium for growth was constructed. To produce this strain,
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the ability of H. elongata to synthesize the compatible solute
ectoine was eliminated. This was done by deleting the gene
ectA, which encodes the L-2,4-diaminobutyric acid acetyltrans-
ferase, resulting in an interruption of the biosynthetic pathway
of the ectoines (Fig. 1). The DNA regions upstream and down-
stream of ect4 were joined together by applying the SOE-PCR
technique. The resulting AectA fragment was cloned into the
shuttle vector pK18 mobsacB and transferred into H. elongata
by conjugation (22). The Aect4 mutants, arising after double
crossover, were then selected on sucrose medium. Selected
AectA mutant KB1 could only tolerate more than 0.86 M NaCl
when compatible solutes (e.g., glycine-betaine or ectoines)
were supplied in the medium (data not shown).

Tnl732 mutagensis was carried out with H. elongata KBI.
The resulting 7,200 mutants were screened on mineral salt
medium (1.38 M NaCl) containing either glycine betaine or
ectoine-compatible solutes. One transposon mutant, H. elon-
gata AFE35 (Fig. 2), no longer protected by exogenously pro-
vided ectoines, failed to grow on high-salt medium (>0.86 M
NaCl). However, the mutation had no effect on the accumu-
lation of glycine betaine, and AFE35 had the same salt toler-
ance in the presence of glycine betaine as H. elongata KB1 and
the wild type of H. elongata.

Osmoregulated uptake of ectoine and hydroxyectoine is im-
paired by the transposon insertion in H. elongata AFE35. To
test whether the osmoregulated uptake of ectoines was affected
by the transposon insertion, H. elongata KB1 and the transpo-
son mutant AFE35 were subjected to an osmotic upshift from
170 mM NacCl to 680 mM NaCl in the presence of ectoine
and hydroxyectoine, respectively. While the osmotic upshock
strongly induced the uptake of ectoines in H. elongata KB1, no
osmoregulatory transport activities were detectable in the in-
sertion mutant H. elongata AFE35 (Fig. 3). Cells of strain KB1
pretreated with 200 pg of chloramphenicol ml~" were still able
to respond to osmotic upshock and accumulated hydroxyecto-
ine in the cytoplasm. However, in the presence of chloram-
phenicol, the final cytoplasmic ectoine content was about 25%
lower than in untreated cells (Fig. 3).

Since growth of H. elongata KB1 in high-saline minimal
medium is dependent on the presence of external compatible
solutes, lowering the ectoine concentration in the medium
caused a decrease in growth rate, which enabled the affinity of
the cells (K,) for ectoines to be determined. The growth rates
under ectoine-limited conditions were fitted by nonlinear re-
gression, and the model that best described the correlation was
the Monod model (Fig. 4). The plot of growth rate against
growth rate/hydroxyectoine concentration (Eadie-Hofstee
plot) showed that the cells had a saturation constant (K;) of
21.7 pM for hydroxyectoine and 27.2 uM for ectoine, suggest-
ing that the osmoregulated uptake of ectoines is mediated by a
high-affinity transport system.

Tn1732 inserted into a DNA locus encoding a new type of
osmoregulated transport system. A 10-kb fragment containing
the transposon Tn/732 was isolated from a partial gene bank
of H. elongata AFE35, and 1,400 bp flanking the transposon
insertion site were sequenced. For subsequent sequence anal-
ysis, it was taken into account that Tn/732 generates 5-bp
direct repeats of the target DNA (53). Applying a ligase-me-
diated PCR technique, 2.3 and 1.2 kb of the regions adjacent to
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FIG. 3. Hydroxyectoine uptake mediated by the osmoregulated
TeaABC transporter. Cells of H. elongata KB1 (AectA) and strain
AFE35 (AectA teaC::Tnl732) were grown in saline minimal medium
(MM63 with 170 mM NaCl). Hydroxyectoine (1 mM) was added to the
medium 30 min prior to osmotic upshock. During exponential growth,
KB1 and AFE35 were exposed to osmotic stress by increasing the salt
concentration to 680 mM NaCl (| ). The uptake of hydroxyectoine
was monitored for 60 min by analyzing the cytoplasm of KB1 and AFE
by HPLC with a UV detector. At minimum, all experiments were
carried out three times. Symbols: @, KB1; ¥, AFE35; O, KB1 treated
with chloramphenicol (200 g ml~")10 min before the cells were sub-
jected to osmotic upshock at time zero.

the transposon insertion site were isolated and their DNA
sequences were determined.

Sequence analysis revealed that Tnl732 inserted into an
open reading frame (ORF) of 1,281 bp, which we refer to as
teaC (Fig. 2). This ORF encodes a 427-residue protein with a
molecular mass of 44,925 Da. Two ORFs of 603 and 1,023 bp,
designated teaB and teaA, respectively, were identified up-
stream of teaC. The ORFs feaB and teaA code for potential
proteins with molecular masses of 22,168 and 38,240 Da, re-
spectively. One ORF of 441 bp was found immediately down-
stream of teaC, called orfl, encoding a potential 147-residue
protein with a mass of 15,741 Da. All four ORFs are preceded
by potential ribosome-binding sites. In addition, the region
upstream of feaA contains two potential ¢’°-dependent pro-
moter sequences (Fig. 2). Following fea4 and orfl, putative
stem-loop structures were detected.

The deduced amino acid sequences of teaA, teaB, teaC, and
orfl were compared with sequences available from the data-
bases. A comparison of the putative proteins TeaA, TeaB, and
TeaC revealed a high degree of identity to tripartite ATP-
independent periplasmic transporters (TRAP-T). TRAP-T-
systems consist of three nonhomologous proteins: a large
transmembrane protein, a small transmembrane protein, and a
periplasmic substrate-binding protein (SBP). The putative
TeaC protein shows 33.5% identical amino acids with the large
transmembrane protein DctM of the DctPQM transporter spe-
cific for C,-dicarboxylate uptake in Rhodobacter capsulatus.
This transporter was the first TRAP-T system to be described
phenotypically and at the molecular level (9). The highest
comparison scores were obtained with the putative TRAP-T
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FIG. 4. Affinity of whole cells for hydroxyectoine was determined
in growth experiments with H. elongata KB1 under hydroxyectoine
limitation. (A) Specific growth rates were determined from exponen-
tial-phase growth of hydroxyectoine-limited cultures in 1 M NaCl min-
imal medium (MM63). Lowering the solute concentration from 1,600
wM to 10 M led to a decreasing growth rate of strain KB1. No growth
was detected in hydroxyectoine-free medium. The growth rate data
were fitted by nonlinear regression and described best by the Monod
model. (B) The plot of growth rate against growth rate/hydroxyectoine
concentration (Eadie-Hofstee plot) showed that the cells have a satu-
ration constant of 21.7 pM. Growth rates were determined by a min-
imum of four independent experiments.

proteins of Bacillus halodurans (GenBank accession no.
AP001518) (50). More than 55% of the amino acids of the
putative large membrane protein from B. halodurans were
identical to and over 77% were similar to the amino acids of
TeaC.

The small transmembrane proteins of TRAP-T are known to
show little amino acid sequence similarity (36). However, TeaB
showed a high amino acid sequence identity to the small trans-
membrane proteins of the TRAP-T family (35.1% of the
amino acids were identical to the potential small transmem-
brane protein of B. halodurans). Both of the potential trans-
membrane proteins, TeaC and TeaB, are very hydrophobic,
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consisting of 61% (TeaB) and 73% (TeaC) apolar residues.
The hydropathy profile of TeaB showed four hydrophobic re-
gions of 19 to 23 amino acids which are potential membrane-
spanning a-helices. The C and N termini of TeaB are predicted
to face the cytoplasm. The same topology was recently proven
to be correct for the small transmembrane protein DctQ of R.
capsulatus by protein fusion analysis (57).

The hydropathy profile of TeaC revealed nine regions of
hydrophobicity comprising 12 membrane-spanning units with a
central hydrophilic loop, as indicated by the DAS transmem-
brane prediction program. The putative TeaA protein is 33.5%
identical in amino acid sequence to the SBP of the potential
TRAP system found in B. halodurans and shows 24.1% iden-
tical amino acids with the TRAP system of R. capsulatus. The
gene feaA encodes a putative hydrophilic polypeptide which
contains an N-terminal signal sequence of 25 residues, indicat-
ing that the TeaA protein is exported via the Sec pathway. The
content of acetic amino acids is considerably high (19.3%),
which is typical for proteins of halophilic bacteria in contact
with a saline environment.

As indicated by the potential stem-loop sequences (Fig. 2),
orfl, which is located 32 bp downstream of zeaC, is thought to
be transcribed along with teaBC. The potential 15.5-kDa pro-
tein encoded by this open reading frame shows similarities to
the universal stress protein UspA found in E. coli (35) and
UspA homologues identified in other prokaryotes.

teaA, teaB, and teaC are essential for ectoine transport;
TeaABC mediates the uptake of ectoines leaking through the
cytoplasmic membrane. In order to determine the role of orf 1,
teaA, teaB, and teaC in the uptake of ectoines in H. elongata,
in-frame null mutations (AfeaA, AteaB, and AteaC) and a
marker replacement mutation (Aorfl) were constructed in
strain KB1 using the SOE-PCR technique (Fig. 2). The re-
placement of orf] by an () cassette (41) had no negative effects
on osmoregulated ectoine uptake or on the growth at high
salinities on minimal medium containing ectoine. In contrast,
the deletion of teaA, teaB, or teaC and the transposon insertion
in teaC abolished the ability of H. elongata to accumulate
ectoine from the medium and proved that all three genes are
required to express a functional ectoine transport system.

Hagemann et al. (16) reported that the glucosylglycerol
transporter in the marine cyanobacterium Synechocystis sp.
strain PCC 6803 is responsible for salvaging glucosylglycerol
leaking into the medium. To prove whether TeaABC has a
similar physiological function, we deleted feaC and feaBC in
the wild-type strain of H. elongata. The teaC deletion mutant,
named KB2, and the AteaBC mutant, called KB2-1, showed
growth rates at different salt concentrations similar to those of
the wild type and accumulated similar ectoine levels by de novo
synthesis within the cytoplasm (Table 2; data not shown for
KB2-1).

To verify the loss of the solute ectoine to the external me-
dium, single colonies of KB2 and KB2-1 were transferred onto
an agar plate, where 100 pl of an overnight culture of E. coli
K-12 was spread out as an indicator organism. Since E. coli can
tolerate up to 900 mM NaCl on minimal medium (MMG63) only
in the presence of external osmoprotectants (15), the growth of
E. coli next to a colony of H. elongata would identify a mutant
losing ectoine. No growth of E. coli was identified next to H.
elongata DSM 25817, whereas growth of the indicator organ-
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TABLE 2. Growth rate and ectoine accumulation in cytoplasm and
medium by H. elongata DSM 25817 (wild type) compared to teaC
deletion mutant KB2

Growth rate (h™") Ectoine content

NacCl Cytoplasm [pmol
concn ) KB2 (mg opf proteﬁl)’l] Medium (M)
(M) Wild type (AteaC)

Wild type KB2  Wild type ~ KB2
0.51 0.371 0.342 0.89 0.82 — 214
1.03 0.243 0.276 2.34 2.29 — 288
1.71 0.212 0.227 3.54 3.77 — 370

“ —, not detectable by HPLC with a UV detector.

ism was strongly supported in the surroundings of KB2-1 and
KB2 due to ectoine leakage into the medium (Fig. 5). KB2,
KB2-1, and the wild type of H. elongata were also grown in
liquid mineral salt medium at different salt concentrations
(MMB63, 0.51, 1.03, and 1.71 M NaCl), and medium from ex-
ponentially growing cells was analyzed by HPLC. Both KB2
and KB2-1 lost ectoine, which accumulated to 0.370 mM in
medium containing 1.71 M NaCl, while no ectoine was detect-
able in the medium of the wild type (Table 2).

DISCUSSION

Until recently, the osmoregulated transport of compatible
solutes in bacteria has been investigated mainly in nonhalo-
philes, in which several primary and secondary systems were
described at the molecular and physiological level (21). In
chemoheterotrophic halophiles, only one glycine-betaine
transporter of unknown design was analyzed phenotypically
(3). The data presented in this paper describe, for the first
time, an osmoregulated compatible solute transport system at
the molecular level and its physiological relevance for osmo-
adaptation in a halophilic bacterium.

We have identified a new type of osmoregulatory uptake
system in the halophilic proteobacterium H. elongata, called
TeaABC. TeaABC shows a high degree of sequence and struc-
tural similarities to uptake systems of the TRAP transporter
family and is the first osmoregulated transporter of this type.
TRAP transporters were found for the first time in
Rhodobacter sphaeroides (19) and Rhodobacter capsulatus (9),
where they have been shown to catalyze the nonosmoregula-
tory uptake of glutamate and C,-dicarboxylates, respectively.
TRAP transporters appear to be widespread in prokaryotes,
since homologues of the TRAP DctPOM system of
Rhodobacter have been identified in numerous gram-negative
and gram-positive Bacteria as well as in Archaea, based on
results from database comparisons (9, 42).

Although the transport of substrate is mediated by a sub-
strate-binding protein (SBP), TeaABC and other TRAP sys-
tems lack the typical sequences of the ATP-binding site de-
scribed for primary SBP-dependent ABC transporters (Walker
motif GxGKT and Rx, ;,h,D). As shown by Jacobs et al. (19)
and Forward et al. (9), transport activity of TRAP systems is
not linked to ATP hydrolysis but is coupled to the cotransport
of protons (or Na*t ions). The unique organization of the
TRAP-T transmembrane domain, consisting of two proteins, is
explained by the need for a membrane-based partner protein
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FIG. 5. Assay to detect compatible solute excretion by microorgan-
isms, using E. coli K-12 as an indicator organism. An overnight culture
of E. coli K-12 (100 wl) was spread onto agar medium (MM63) con-

taining X-Gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside)
and 900 mM NaCl, which inhibits the growth of E. coli in the absence
of external compatible solutes. H. elongata DSM 25817 (wild type
[WT)), strain H. elongata KB2 (AteaC), and strain KB2-1 (AteaBC)
were transferred onto the assay plate and incubated for 48 h at 37°C.
Growth of E. coli K-12 next to ectoine-excreting colonies is indicated
by X-Gal, which is converted into a blue dye by the B-galactosidase
activity of growing E. coli cells.

for the periplasmic SBP. According to the model proposed by
Rabus et al. (42) and Driessen et al. (8), the larger membrane
protein is thought to catalyze the actual transport reaction and
is responsible for the energy coupling to the proton motive
force, whereas the small membrane protein is not involved
directly in the transport reaction but might be needed to in-
teract with the SBP. This is plausible, since secondary trans-
porters known to date do not contain SBP and are not de-
signed to cooperate with periplasmic proteins.

TeaABC was proven to be an osmoregulated transporter
catalyzing the uptake of ectoine and hydroxyectoine in re-
sponse to osmotic upshock. In osmotic upshock experiments,
chloramphenicol-treated cells of KB1 showed lower uptake
activity for hydroxyectoine than cells from chloramphenicol-
free medium, indicating that in addition to the regulation of
TeaABC activity, the transcriptional overexpression also con-
tributes to the osmoregulatory response. However, yet to be
determined is whether this regulation pattern is present if cells
of H. elongata are exposed to osmotic stress at higher salinity,
where teaABC might be already fully induced.

TeaABC appears to be the only osmoregulated transporter
of importance in H. elongata, since uptake of ectoines through
other osmoregulated transporters is not detectable. Whether
TeaABC accepts other nonectoine compounds has yet to be
resolved. In contrast to many other osmoregulated compatible
solute transporters, the physiological role of TeaABC is not
restricted to the accumulation of external solutes in response
to osmotic stress. Our studies revealed that TeaABC is also
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involved in maintaining a constant cytoplasmic ectoine level in
the absence of external solutes by recovering synthesized ec-
toine leaking through the cell membrane. TeaABC might be
designed primarily as a salvage system for ectoine lost from the
cell, since the natural habitats of halophiles most likely do not
contain sufficient ectoines to increase the salt tolerance signif-
icantly through uptake of external ectoine. Similar observa-
tions have been recorded for a halotolerant cyanobacterium
which synthesizes glucosylglycerol as its main compatible sol-
ute (16, 32). The mutation of ggt4, a gene encoding a subunit
of an ABC transport system mediating the uptake of glucosyl-
glycerol in Synechocystis sp. strain PCC 6803, created a mutant
leaky for glucosylglycerol.

The mechanism of compatible solute excretion is still un-
known. It can be ruled out that the deficiency in one of the
membrane components of the transporter (AteaC in KB2)
caused the leakage (e.g., by leading to the misfolding of the
remaining protein, TeaB). This was proven by deletion of both
genes coding for the membrane-based proteins TeaB and
TeaC, which created a mutant (KB2-1) that still lost ectoine to
the medium. Touzé et al. recently identified a gene in Erwinia
chrysanthemi named bspA, which was described as a regulator
for a putative glycine betaine export channel (52). Mutation of
bspA created a leaky mutant losing accumulated compatible
solute glycine betaine to the medium. Such channels could
explain how polar solutes (glucosylglycerol) and zwitterionic
compounds (glycine betaine and ectoine) cross the cytoplasmic
membrane. These results also indicate that the loss of osmo-
protectants is not an uncontrolled process at all. Instead, ex-
port and recovery of compatible solutes such as ectoine might
be part of an elegant mechanism to regulate the cytoplasmic
solute concentration.

Osmoregulated compatible solute transporters such as
TeaABC must be integrated (directly and indirectly) in the
regulation of the cell’s compatible solute synthetic pathways,
since the uptake of external solutes results in an immediate
decrease in the concentration of compatible solutes synthe-
sized by the cell (7). In order to allow the ectoine pathway to
be downregulated when solutes are transported from the me-
dium, TeaABC must be linked to the synthesis of ectoine as
well. This implies that any ectoine, regardless of its origin, even
ectoine lost from the cell, will have this negative regulatory
effect on the synthesis of ectoine. It is therefore possible that
ectoine could serve as a signal for the regulation of its own
synthesis. Increasing the ectoine concentration by de novo
synthesis will lead to water influx and an increase in turgor
pressure of salt-stressed cells. Assuming that the efflux of ec-
toine via an export channel is triggered by a signal such as
membrane stretch, ectoine will be released to the periplasm
if the turgor pressure reaches a certain threshold. Transport
of exported ectoine back into the cytoplasm by the activated
TeaABC system will downregulate ectoine synthesis and even-
tually stop the loss of ectoine.

The proposed regulation mechanism would allow the halo-
philic cell to maintain a compatible solute concentration, com-
pensating for the external osmolality over a broad range of
medium salinities. This model is also supported by the data
obtained with mutants KB2 and KB2-1. Both strains not only
leak ectoine but also overproduce ectoine, maintaining a cyto-
plasmic ectoine level identical to that of the wild type. The
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overproduction can be explained by missing regulation of the
ectoine pathway through the TeaABC transporter. The way in
which osmoregulated transporters are linked to the cell’s me-
tabolism is still to be resolved.
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